Research on the direct-expansion solar-assisted heat pump (DX-SAHP) system with bare plate evaporators for space heating is meaningful but insufficient. In this paper, experiments on a DX-SAHP system applying bare plate evaporators for space heating are conducted in the enthalpy difference lab with a solar simulator, with the ambient conditions stable. The independent effects of ambient temperature, solar irradiation, and relative humidity on the system performance are investigated. When ambient temperature changes as 5°C, 10°C, and 15°C, COP increases as 2.12, 2.18, and 2.26. When solar irradiance changes as 0 W m , when relative humidity is 50%, no frost formed. Whereas with relative humidity of 70% and 90%, frost formed but not seriously frosted after 120 min of operating. Frost did not deteriorate but improved the heating performance of the DX-SAHP system. The change of relative humidity from 70% to 90% improves the evaporating heat exchange rate by 35.0% and increases COP by 16.3%, from 1.78 to 2.07.
Introduction
Energy consumed for space heating is a large part of domestic energy consumption. The idea of using solar energy is one of the methods to face the energy crisis, since it is renewable and clean. To introduce solar energy into space heating, solarassisted heat pump system was proposed. Solar-assisted heat pump systems can effectively utilize solar energy and perform better than conventional heat pumps. Many researches have been published on solar-assisted heat pumps [1] [2] [3] [4] [5] .
Sporn et al. proposed the idea of direct-expansion solar-assisted heat pump (DX-SAHP), as one type of solarassisted heat pumps [6] . The components in DX-SAHP systems are reduced compared to that in indirect-expansion solar-assisted heat pumps, because refrigerant absorbs heat directly in the collectors of the system, which work as the evaporator. DX-SAHP is promising due to the advantages of having low cost and nonfreeze-up at nighttime. Lots of researches have been reported on DX-SAHP [7] [8] [9] [10] [11] [12] [13] .
Chaturvedi and Shen [7] proved that DX-SAHP had better performance compared to traditional heat pump systems, with COP range of 2 to 3. Huang and Chyng [8] built an integral type solar-assisted heat pump water heater with a collector/evaporator and a thermosyphon heat exchanger. The COP of the system was 2.5-3.7 at water temperature between 61°C and 25°C. Krakow and Lin [9] studied the performance of the direct-expansion solar source heat pump systems with solar collectors. They concluded that the system was promising to utilize solar energy in cold climates. Ito et al. [10] analyzed and optimized the structure parameters of a DX-SAHP system in theoretical and experimental methods. Hawlader et al. [11] paid attention to the effect of the volume of water tank on the performance of a DX-SAHP water heater. Chyng et al. [12] theoretically researched the annual performance of an integrated solar-assisted heat pump water heater with a bare collector. Xu et al. [13] simulated the operating performance of a DX-SAHP water heater using the meteorological data in Nanjing. They showed that the system could heat 150 L of water to 55°C efficiently under various weather conditions at different time of the year.
Recently, Li et al. [14] compared two DX-SAHP water heater systems. An optimization method for the collector was concluded. They also suggested that variable frequency compressor and electronic expansion valve should be applied in the system. A DX-SAHP water heater was numerically simulated by Kong et al. [15] . It is concluded that wind speed has no great effect on the system performance. Chow et al. [16] developed a theoretical model of a DX-SAHP water heater with an unglazed solar collector. They simulated the performance of the system in a whole year, obtained a yearlong average COP of 6.46 in Hong Kong, and proved the system promising. Sun et al. [17] designed and tested a DX-SAHP water heating system using an optimized-channel roll-bond collector/evaporator. They proved the roll-bond panel with optimized channel pattern could improve the performance of the DX-SAHP system significantly. The performance of a DX-SAHP water heater with integral storage tank with solar irradiance of zero was experimentally investigated [18] . The solar collectors were installed in a climate chamber to work at stable ambient air temperature. Applying the Huang and Lee's performance evaluation method, the characteristic COP for the system is 3.23 under zero solar irradiance conditions at a water-ambient air temperature difference of 15°C. Kuang and Wang [19] tested a DX-SAHP system for domestic use. The system can operate under space heating mode, air conditioning mode, and water heating mode. Space heating was realized by radiant floor heating unit. The experiment data revealed that the system reached COP of 2.6 to 3.3 for space heating and could supply 200 L or 1000 L hot water daily under various weather conditions. Zhang et al. [20] analyzed the effect of R22, R134a, and R744 on the performance of a solar-air hybrid heat source heat pump water heater. They pointed out that three refrigerants had a similar operating performance.
On one hand, the published researches mostly focused on DX-SAHP for water heating instead of space heating. However, the application of DX-SAHP for space heating is also common. But the system performance under this condition has not been researched sufficiently, because the heating capacity is difficult to measure. On the other hand, the most experimental researches on DX-SAHP were tested in outdoor environment. The shortcoming is that the experiments are unrepeatable and unable to present accurate parametric analysis. The experimental study with the system of the four features, as direct-expansion, solar-assisted, space heating, and steady environment is rare. In this paper, a DX-SAHP system for space heating is experimentally studied under stable conditions. During the experiments, the ambient temperature, solar irradiation, and relative humidity were controlled to be constant in the enthalpy difference lab with a solar simulator. Previous investigation [21] showed that DX-SAHP with bare plate evaporators was applicable under frosting conditions but the performance of the system was not sufficiently investigated. Bare plate evaporators also have the advantages of low cost and simple structure. Therefore, bare plate evaporators are selected for the tested system. Based on the experimental data, parametric analysis is conducted, including ambient temperature, solar irradiation, and relative humidity. The data can be referenced for further experimental and theoretical study of DX-SAHP. The conclusions may benefit the design and optimization of DX-SAHP systems of similar structure.
Experimental Setup
Using the enthalpy difference lab, which is the standard testing lab for heat pumps, stable test conditions could be realized. The DX-SAHP prototype for space heating is installed in the two chambers of the enthalpy difference lab, as shown in Figure 1(a) . The condenser of the DX-SAHP system is the air heat exchanger in the indoor chamber. It is connected directly to the air-enthalpy type calorimeter. Therefore, the heating capacity of the system can be measured and the space heating performance can be analyzed. A rotary-type hermetic compressor with rated input power of 750 W is used, and the refrigerant is R22. In the outdoor chamber, the solar simulator is installed, to generate stable and controllable solar irradiation on the solar collectors, with the instability and heterogeneity under ±5%. The spectrum distribution of the solar simulator meets the China National Class B level standard and can simulate solar irradiation in solar thermal research. The luminous area is 2 × 2 m 2 , perfectly covering the collectors.
Bare plate evaporators have advantages such as low cost, easy manufactural structure, and slow frosting rate, but DX-SAHP systems with bare plate evaporators are not sufficiently researched. Therefore, two bare flat plate collectors are applied in the experimental prototype of DX-SAHP. The temperature, pressure, solar irradiation, ambient temperature, relative humidity, and heating capacity of the system were measured and recorded. The specifications of the measurement instruments and more detailed experimental settings were presented in our previous work [21] .
Experimental Procedure and
Thermodynamic Analysis Methods 3.1. Experimental Procedure. To research the independent influence of the ambient parameters on the performance of the DX-SAHP system, specific stable conditions were arranged during the experiments, with the help of the enthalpy difference lab with a solar simulator. In the outdoor chamber, the ambient are under winter meteorological conditions. The ambient temperature was chosen as 5°C, 10°C, and 15°C when the relative humidity was maintained as 50% and solar irradiance was 300 W m , and 500 W m −2 when the ambient temperature was 15°C and the relative humidity was 50%; the ambient temperature was 5°C and solar irradiance 0 W m −2 was when the relative humidity was 50%, 70%, and 90%. When solar irradiance was higher, more thermal load was produced by the solar simulator, and it got harder for the enthalpy difference lab to maintain a constant ambient temperature. Therefore, solar irradiance higher than 500 W m −2 was not tested in the experiments. According to GB/T 7725- 2004 2 International Journal of Photoenergy (the National Standard of China for air conditioners), the indoor temperature was chosen as 20°C/15°C (dry bulb/ wet bulb).
In the experiments, as the first step, the ambient temperature and humidity of the two chambers reached the set values by the operation of the enthalpy difference lab. Then, the solar simulator was activated and generated solar irradiance, with the values adjustable. The DX-SAHP system was started afterwards and operated for 120 min. The data acquisition system recorded the data at a 6-second interval. Because of the stable conditions, the DX-SAHP system can reach stable operating state and last till the end of the experiments. When the fluctuation of condensing heat exchange rate and energy consumption of the tested 3 International Journal of Photoenergy system is under 0.5%, the system is considered as under stable operating state.
Thermodynamic Analysis Methods.
To analyze the thermal performance of the DX-SAHP system, the evaporating heat exchange rate Q evap , the condensing heat exchange rate Q cond , and COP are needed, while the energy consumption is directly measured. For the calculation of the above parameters, the derivations of the mass and energy balance equations are applied as follows.
The mass balance equation is
The energy balance equation is
where Q is the rate of heat input, W is the rate of work output, and h in and h out are the enthalpy of inlet refrigerant and outlet refrigerant. The compression indicated power can be calculated by [22] 
where η comp is the ratio of the compression indicated power and the compressor input power. η comp can be calculated as
where η el is the compression electromechanical efficiency, as 0.78. nf is the correction factor. The manufacturer has given the expression of nf as
where T e is the evaporating temperature and T c is the condensing temperature. After calculation, the approximate value of η comp is 0.75. For the DX-SAHP system, the energy balance equation can be written as
where W in is the compressor input power. In the tested system, W in is the energy consumption of the compressor. According to the air-enthalpy difference method, the condensing heat exchange rate can be calculated by
The coefficient of performance COP can present the thermal performance of heat pump systems. COP is expressed as
where W fan is the fan energy consumption in the condenser, as 36 W.
As the mean value of the evaporator inlet and outlet temperatures, the evaporator temperature is written as
According to (9) , the evaporator temperature uncertainty equals to the T-type thermocouple uncertainty, with the maximum value of 0.2°C.
The relative error (RE) of COP and the evaporating heat exchange rate can be calculated by
The experimental RE of COP is 1.3% based on (11).
Results and Discussion
As shown in Table 1 , the representative tests are selected from which the independent effect of ambient temperature, solar irradiation, and relative humidity on the thermal performance of DX-SAHP can be analyzed. The data in Table 1 are the average value of the parameters during the stable operating state of the DX-SAHP system.
The Effect of Ambient Temperature.
To research the influence of the ambient temperature on the thermal performance of DX-SAHP, the experiment conditions were solar irradiance of 300 W m −2 and the indoor temperature was 20°C/15°C (DB/WB), while the outdoor temperatures were 5°C, 10°C, and 15°C and the relative humidity was 50%. The results are shown in Figures 2-4 .
Under the ambient temperature of 5°C, 10°C, and 15°C and solar irradiance of 300 W m −2 , the evaporator temperature is lower than the ambient temperature, and the specific values are 3.1°C, 7.4°C, and 12.0°C, respectively. The evaporator temperature increases as the ambient temperature increases. Because the evaporator temperature is lower than the ambient temperature, heat transfer occurs from the ambient to the collector. Hence, the heat absorbed by the collector contains ambient heat and solar irradiation heat. It is also observed that the difference between the evaporator temperature and the ambient temperature is 1.9°C, 2.6°C, and 3.0°C corresponding to the ambient temperature of 5°C, 10°C, and 15°C. Therefore, based on the experimental data, it can be concluded that when evaporator temperature is lower than ambient temperature, the difference between the evaporator temperature and the ambient temperature increases with the increase of the ambient temperature. Due to the increase of evaporator temperature, the evaporating pressure also increases as 415.0 kPa, 426.5 kPa, and 473.9 kPa, which in turn, leads to the rise of condensing pressure, with the specific value as 1387.5 kPa, 1533.3 kPa, and 1736.9 kPa. 4 International Journal of Photoenergy Figure 2 shows variation of the energy consumption when the ambient temperature is 5°C, 10°C, and 15°C. It indicates that the energy consumption of DX-SAHP increases with the increase of the ambient temperature. When the evaporator temperature increases, the evaporating pressure, the pressure ratio, and the refrigeration mass flow rate of compressor increase, leading to the rise of the compressor energy consumption. The specific values of the energy consumption are 661 W, 709 W, and 780 W. Figure 3 shows the condensing and evaporating heat exchange rate under the three experiment conditions. As the ambient temperature increases from 5°C to 15°C, since the indoor temperature is constant and the evaporator temperature is higher, the condensing temperature rises. The condensing heat exchange rate increases by 350 W, and the evaporating heat exchange rate increases by 261 W. The increment of the condensing heat exchange rate is larger than that of the evaporating heat exchange rate because the energy consumption also increases. The evaporating heat exchange rates are 920 W, 1005 W, and 1181 W (with the REs of 1.9%, 1.9%, and 1.8%) while the condensing heat exchange rates are 1416 W, 1537 W, and 1766 W with the ambient temperature of 5°C, 10°C, and 15°C. Figure 4 shows the variation of COP when the ambient temperature is 5°C, 10°C, and 15°C. Under the tested conditions, COP is 2.12, 2.18, and 2.26. The increase of COP with the increase of the ambient temperature is not significant. This is because the energy consumption also increases, and to some extent, it thwarts the increase of COP although the condensing heat exchange rate increases.
The Effect of Solar Irradiation.
To research the influence of solar irradiation on the thermal performance of the DX-SAHP system, the following experiment conditions were chosen. The indoor temperature was 20°C/15°C (DB/WB), while the outdoor temperature was 15°C, the relative humidity was 50%, and solar irradiance was 0 W m , and 500 W m −2 , the evaporator temperature is 7.6°C, 10.0°C, 11.0°C, 12.0°C, and 16.8°C, respectively. Therefore, the enhancement of solar irradiation can effectively increase the evaporator temperature. Under solar irradiance of 0 W m , the evaporator works at temperature higher than the ambient temperature. A portion of the energy that the evaporatorcollector absorbs from solar irradiation is dissipated into the ambient. As the evaporator temperature increases with solar irradiation, the evaporating pressure increases as 392.0 kPa, 404.2 kPa, 444.1 kPa, 473.9 kPa, and 590.0 kPa. . Since the evaporator temperature rises, the evaporating pressure and the refrigerant mass flow rate also rise, which in turn, causes the rise of the system energy consumption. As shown in Figure 6 , the energy consumption is 632 W, 707 W, 742 W, 780 W, and 877 W.
The enhancement of solar irradiation can offer more energy to the evaporator-collector. Although higher evaporator temperature could cause part of the gained solar energy dissipated to the ambient, higher evaporator temperature still results in higher evaporating heat exchange rate, which is presented in Figure 6 , and 500 W m −2 (with the REs of 1.9%, 1.9%, 1.9%, 1.8%, and 1.8%). Obviously, the increase of both energy consumption and the evaporating heat exchange rate raises the condensing heat exchange rate. The condensing heat exchange rate changes as 1309 W, 1452 W, 1585 W, 1766 W, and 2073 W. COP of the system also rises with the increase of solar irradiance, with the specific value as 2.07, 2.09, 2.14, 2.26, and 2.36, as shown in Figure 7. 4.3. The Effect of Relative Humidity. To research the influence of the relative humidity on the thermal performance of the DX-SAHP system, the experiment conditions were the indoor temperature of 20°C/15°C (DB/WB), while the outdoor temperature was 5°C, solar irradiance was 0 W m −2 , and the relative humidity was 50%, 70%, and 90%. The results are shown in Figures 8-11 .
When the relative humidity was 50%, the surface of the collectors was not frosted after 120 min of operating, as can be observed in Figure 8(a) , while when the relative humidity was 70% and 90%, frost occurred during the experiment. The frosting process began after the startup of the system. When the relative humidity was 90%, frost was more serious than that when the relative humidity was 70% after 120 min of operating, as presented in Figures 8(b)  and 8(c) . The details of the frost are shown in Figure 8(d) . The frost is not column shaped, but in the form of ice particles.
Figures 9-11 show the energy consumption, heat exchange rate, and COP when the relative humidity is 50%, 70%, and 90%. Although the collectors are frosted when the relative humidity is 70% and 90%, the heating performance of the system did not decrease significantly, as presented in Figures 9-11 . The reason is that the frosting process is slow and the collectors are not seriously frosted International Journal of Photoenergy in 120 min, because the heat exchange area of the collectors is large and the heat exchange mode is natural convection, not forced convection.
The system energy consumption increases with the increase of the relative humidity, which is shown in Figure 9 . Because as the relative humidity rises, frost forms on the collectors, and the condensing latent heat raises the evaporating pressure, leading to the increase of the compressor energy consumption. On the other hand, since the frost is slight, the difference between the values is small, with the values of 559 W, 562 W, and 577 W. As shown in Figure 10 , when the relative humidity rises, the evaporating and condensing heat exchange rate increases. The condensing heat exchange rates are 975 W, 998 W, and 1191 W, with the relative humidity of 50%, 70%, and 90%. The evaporating heat exchange rates are 556 W, 577 W, and 779 W (with the REs of 2.2%, 2.1%, and 1.9%). Because the frost formed during the experiments is not thick, thermal resistance between the evaporator and the ambient increases little. Besides, the condensing process brings latent heat which helps the heat exchange between the evaporator and the ambient. Frost deposition increases the roughness of the surface, which is also good for the heat exchange. Consequently, the heat exchange is improved by the frosting process. The differences between the evaporating and condensing heat exchange rates when the relative humidity is 50% and 70% are not significant. When the relative humidity is 50%, no frost occurs. The amount of frost is very little when the relative humidity is of 70%; hence, the system performance is not significantly improved. The same reason can also explain the difference of COP between the two cases, with the values of 1.75 and 1.78 when the relative humidity is 50% and 70%. In comparison, the evaporating heat exchange rate and COP are raised by 35.0% and 16.3% as the relative humidity rising from 70% to 90%, because frost when the relative humidity is 90% is more serious than that when the relative humidity is 70%, as can be observed comparing Figures 8(b) and 8(c) .
The phenomenon of the frosting improving the system performance is opposite to the common phenomenon of heat pumps. In the previous work of Guo et al. [23] , the frost growth of heat pump systems was divided into three stages. In the first stage, water freezes into a thin ice layer on the evaporator surface, and the granular ices grow gradually to form ice crystals. The performance of the heat pump can be improved. In the second stage, the radius of the ice crystals grows and the performance of the heat pump system is not significantly influenced. In the third stage, the frost thickness grows rapidly, leading to a sharp decrease of the system performance. For common heat pumps, frosting can be fast and serious. The frosting process enters the third stage, and the performance of the system decays rapidly. While for the tested DX-SAHP system, the frosting process is not as serious as common heat pumps due to the flat plate structure of the evaporator. The frost formed during the experiment was not serious, which is in the first stage. Therefore, the frosting process benefits the performance of the DX-SAHP system, as can be seen from the above result analysis.
Conclusions
To research the independent influence of ambient temperature, solar irradiation, and relative humidity on the thermal performance of the direct-expansion solar-assisted heat pump (DX-SAHP) system, experiments on a DX-SAHP (1) When the ambient temperature changes as 5°C, 10°C, and 15°C with solar irradiance of 300 W m −2 and the relative humidity of 50%, the influence of ambient temperature on the system performance is analyzed. The rise of the ambient temperature leads to higher evaporating pressure and higher evaporator temperature, with the value of 3.1°C, 7.4°C, and 12.0°C. The condensing pressure, energy consumption, the evaporating and condensing heat exchange rate, and COP of the system increase accordingly. The energy consumption is 661 W, 709 W, and 774 W, and the condensing heat exchange rate is 1416 W, 1537 W, and 1766 W. COP increases as 2.12, 2.18, and 2.26, respectively. , and 500 W m −2 with the ambient temperature of 15°C and the relative humidity of 50%, the influence of solar irradiation on the system performance is analyzed. Higher solar irradiation could improve the evaporating pressure and the evaporator temperature, with the values of 7.6°C, 10.0°C, 11.0°C, 12.0°C, and 16.8°C. Therefore, the energy consumption, the condensing and evaporating heat exchange rate, and COP also rise. , the influence of relative humidity is analyzed. With the relative humidity of 50%, no frost occurred on the collectors. While with the relative humidity of 70% and 90%, the collectors were frosted, and under the latter condition, frost is more serious. Results show that frost did not degrade but improved the thermal performance of the DX-SAHP system, because the frost is not serious after 120 min of operating. The increase of the relative humidity from 70% to 90% raises the evaporating heat exchange rate by 35.0% and increases COP by 16 
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